Introduction
Low density lipoprotein (LDL) is rich in unsaturated lipids and despite containing endogenous antioxidants is susceptible to peroxidation 111. This chemical reaction in the lipid phase of the molecule generates aldehydes which readily react with the &-amino groups of lysyl residues on the apo B protein [2] . This results in a progressive decrease in the positive charge on the molecule, a conformational change and consequent recognition by the macrophage scavenger receptor 12, 31. Uptake of oxidized LDL by the macrophage occurs through this receptor and also through some other as yet unidentified route 131. The capacity for uptake of oxidized LDL is many times greater than for native LDL and the cells can become lipid laden. The large vacuoles of lipid which form in these cells after scavenging oxidized LDL give them a 'foamy' appearance and are an early feature of atherosclerotic lesions [4] . This fact, together with the observation that oxidation of LDL occurs within areas of plaque, had led to the suggestion that it plays a key role in the pathogenesis of atherosclerosis [5] . The changes which occur during atherogenesis are complex, involving smooth muscle cell proliferation, formation of macrophage-derived foam cells and changes in the endothelium. The agents mediating these processes are largely unknown and it has been suggested that some of them may be derived from oxidized LDL or macrophage-derived foam cells [2-61. The macrophage may contribute to the development of the lesion by the production of inflammatory agents such as platelet-derived growth factor, tumour necrosis factor (TNF ) and interleukin-1 (IL-I) [4, 71 but would also seem to serve an essential protective function in scavenging oxidized LDL which is known to be toxic to other cells in the artery wall [8] . It has already been demonstrated in isolated peritoneal macrophages that oxidized LDL is able to repress the expression of mRNA for TNF and IL-1 161. This result suggests that the biochemical response of the macrophage to oxidized LDL may be important in determining the role of the foam cell in the progression of the lesion. In this study we have begun to characterize the effects on the macrophage of the uptake of oxidized LDL with particular reference to the cell's ability to combat the considerable oxidative stress which must be associated with the detoxification of this molecule. In addition we have attempted to determine the mechanism by which oxidized LDL may suppress the synthesis of TNF mRNA.
Oxidation of LDL and uptake by isolated peritoneal mucrophages
Incubation of LDL with Cu2+ in vitro initiates peroxidation of the lipids and modification of the protein to produce a form of LDL which resembles that found in the artery wall [ 51. Typically human LDL at a concentration of 1 mg/ml was *To whom correspondence should be addressed. tPresent address: M.R.C. Lipoprotein Team, Hammersmith Hospital, Ducane Road, London W 12 OH5, U.K.
Abbreviations used: LDL, low-density lipoprotein; TNF, tumour necrosis factor, IL-I , interleukin-1 ; r.e.m., relative electrophoretic mobility; PGE2, prostaglandin Ez. incubated with 10-100 ,uM-CU~+ at 37°C. This procedure results in the progressive modification of the LDL molecule which can be quantified by measuring its electrophoretic mobility relative to native LDL on agarose gels. Figure 1( a ) shows a typical experiment in which the relative electrophoretic mobility (r.e.m.) of oxidized LDL is shown to increase as a function of the time of oxidation. The mechanism of LDL oxidation which occurs in vivo is unknown and so it is important to show that copper-oxidized LDL results in lipid loading of macrophages. This was demonstrated by incubating isolated peritoneal macrophages with cop er oleate with cholesterol. This measurement reflects the activities of the enzymes acyl-CoA acyl transferase, cholesteryl ester hydrolase and LDL uptake by the cell. We were also able to determine the effect of varying the extent of 
GSI I rind GSH dependent peroxidases
The peroxides, aldehydes and other products of lipid peroxidation present in oxidized LDL are toxic to cells [8j.
The principal pathway for detoxification of these molecules involves GSH and there are two Se-dependent glutathione peroxidases (GPX and PHGPX) which are able to metabolize fatty acid and lipid hydroperoxides respectively [9] . In addition, a subtype of the enzyme glutathione S-transferase is capable of detoxifying aldehydes such as 4-hydroxynonenal and malondialdehyde [lo] . To determine the effect of different forms of LDL on the cellular glutathione levels peritoneal macrophages were isolated from the endotoxin resistant strain of mice C3H/HEJ so avoiding the potential complication of contaminating lipopolysaccharide in the LDL preparations [6] . The adherent cells in the preparation were incubated with native LDL, LDL oxidized in vitro with copper, or acetylated LDL. The latter form is recognized by the scavenger receptor and is avidly taken up by macrophages. We have therefore used it to load macrophages with lipid without increasing the intracellular concentration of lipid peroxidation products. After incubation with the different forms of LDL we measured their effect on the total glutathione content of the cell and the activity of the GSHdependent peroxidases. The cells were lysed in buffer containing detergent and the total (oxidized and reduced) GSH content measured. We found that oxidized LDL with a r.e.m. of 6-6.5 elicited an approximately 2-fold increase in the GSH content of the cells. In contrast native LDL and acetylated LDL had little or no effect on cellular GSH levels. The cell lysates were also assayed for their GSH peroxidase activity using t-butyl-hydroperoxide as a substrate. No change in the activity of this enzyme was found with any of the treatments. Moreover, the glutathione-dependent peroxidases present in the macrophage cell lysates were tested for their ability to sustain the GSH-dependent oxidation of NADPH using the different forms of LDL as substrates. Only oxidized LDL was able to act as a substrate under these conditions.
Estimation of PGE, in the supernatants of cell cultures incubated with modified and native LDL
It has been shown elsewhere that expression of the TNF gene can be inhibited by prostaglandin E, (PGE,) [7] and we have, therefore, investigated the possibility that this prostaglandin may be generated during the exposure of macrophages to oxidized LDL. Cells were treated with different forms of LDL as described before, the supernatants taken for estimation of the PGE, content by radioimmunoassay [ 111 and the cells prepared for measurement of the levels of TNF mRNA. As can be seen from ments we also tested the different forms of LDL for their PGE, content and these results arc also reported in Table 1 .
To our surprise we found that oxidized LDL produces a PGE,-like molecule which is detected by the antibody raised to this prostaglandin and used for the radioimmunoassay.
With the exception of PGE,, the antibody shows very little cross-reactivity with other related prostaglandins [ 111 and so it is possible that PGE, derived from both the macrophage and oxidized LDL can combine to suppress the expression of the TNF gene. Interestingly, in these essentially quiescent cells there was no detectable TNF in the cell supernatants and no difference in expression of TNF mRNA compared to controls (result not shown). Clearly the different forms of LDL are unable to stimulate the production of this cytokine.
Summary
Copper-oxidized LDL has many of the characteristics of the modified LDL generated in the artery wall during the initial stages of atherosclerosis 1. 51. It is not, however, a chemically defined species but shows significant variations in both its chemical composition [ 11 and behaviour in biological systems depending upon the extent to which the pcroxidation reaction has occured (Fig. 1) . Taking care to define the extent of LDL modification we have used this form of oxidized LDL to investigate the effects on the macrophage of this potentially toxic particle. This cell, in contrast to endothelial cells [8] , appears to be particularly well adapted to detoxify lipid peroxidation products since it possesses glutathione peroxidases capable of metabolizing oxidized LDL and responds to oxidized LDL by increasing its GSH content. Acetylated LDL had little or no effect on GSH levels showing that lipid loading per se or recognition by the macrophage scavenger receptor is not sufficient to induce the synthesis of this antioxidant. We have confirmed the observation that oxidized LDL does not activate expression of the gene for TNF and raise the possibility that PGE, produced by the cells and possibly during the oxidation of LDL may be the mediator suppressing the synthesis of this cytokine. Our results support the hypothesis that the lipid-laden macro-The direction of research into atherogenesis has changed considerably in the last decade. Goldstein & Brown's discovery of the scavenger receptors, enabling macrophages to take up large amounts of low-density lipoprotein (LDL) only when it has been chemically modified [ 11, has assumed much greater importance since human arterial foam cells have been identified as macrophages [ 21. The contributions that macrophages might make to further development of the plaque are numerous, and have been reviewed previously [3] . However one particularly interesting aspect is now receiving increased attention and will be singled out for discussion here, namely lipid oxidation.
Eurly clues to lipid oxidutiori in atherosclerosis
For many years there have been occasional suggestions in the literature that lipid oxidation might have a role in atherosclerosis. Oxidation products of cholesterol and of linoleic acid have been detected in atherosclerotic plaques in man and experimental animals [4-1 I ] and one view was that these were dietary in origin [12] . Certainly some foods, especially finely-divided, dehydrated foods such as powdered milk or eggs, are highly susceptible to oxidation [ 131 and some oxidized lipids can be absorbed from the mammalian intestine [ 141.
Dietary administration of oxidized derivatives of cholesterol, but not cholesterol itself, proved to be atherogenic in rabbits [15, 161. These cholesterol oxidation products were also shown to be cytotoxic in vitro [17] .
Another clue had been allowed to lie dormant. Ceroid pigment had frequently been described in human atherosclerosis [18] [19] [20] . This heterogeneous insoluble material derives from oxidation of lipid, usually lipid-protein mixtures [21] . It was left to Porta & Hartroft to point out that the presence of ceroid in human atherosclerosis implied that plaque development was accompanied by oxidative processes [ 2 11 .
This thread of interest in lipid oxidation did not at first impinge on the main stream of thought in atherogenesis, which was still dominated in 1980 by the platelet-smooth Abbreviations used: LDL, low-density lipoprotein; BHT, butylated hydroxytoluene.
Modified low-density lipoprotein und rnucrophuges
The essential basis for progress in this area came from the research of Goldstein and Brown, who had greatly clarified the metabolism of lipoproteins. They showed that, although most cells take up LDL by a specific high-affinity receptor, macrophages take up very little LDL as the native particle but considerable amounts after it has been chemically modified in some way, e.g. by acetylation [ 1, 221. The other important difference in this pathway of uptake from that used by other cells is that it is not saturable. Other cell types down-regulate LDL receptors when their cholesterol content increases, but the scavenger pathway is not down-regulated, so macrophages can continue to take up modified LDL until they are visibly enlarged by numerous lipid droplets 1221. Most of the modifications of LDL shown to lead to uptake by this pathway iri vitro seemed unlikely t o occur iri vivo. but one that emerged later as a likely candidate was oxidation.
Oxidized low-density lipoprotein uiid utherosderosis
In the early 1980s interest in oxidation of LDL was heightened by several new observations. One was that endothelial cells were found to oxidize LDL in vitro, making it cytotoxic [23]; then it was shown that macrophages were also capable of this oxidation [24]. Endothelial cell oxidation of LDL increased its uptake by macrophages via the acetyl-LDL receptor [25] . In addition, the presence of ceroid in foam cells of human lesions suggested that, if the foam cells were indeed macrophages, they might be oxidizing lipid or lipoprotein within the lesions [26, 27] .
Thus arose the idea that, quite apart from any dietary contribution, oxidized lipids in the lesion could result from oxidation within the lesion itself, and that the oxidation products might contribute to lesion development by enhancing foam cell formation and by their cytotoxicity. More recent work has provided considerable support for this view.
Oxidation of LDL leading to uptake by foam cells
One hypothesis was that, if foam cells were macrophages, some form of LDL modification must be occurring before the macrophages take up the LDL, to explain the development of foam cells. This was supported by the finding that LDL extracted from human aortic intima appeared to be modified, showing enhanced uptake by macrophages in vitro
